We present an analytic design method for the reproducible fabrication of double-chirped mirrors to achieve simultaneously a high ref lectivity and dispersion compensation over an extended bandwidth compared with those of standard quarter-wave Bragg mirrors. The mirrors are fabricated by ion beam sputtering. Use of these mirrors in a Ti:sapphire laser leads to 6.5-fs pulses directly out of the laser. The method can also be applied to the design of chirped-fiber gratings and general optical filters.  1997 Optical Society of America Short-pulse generation has advanced to a degree where the bandwidth of standard Bragg mirrors composed of SiO 2 yTiO 2 layer pairs limits the pulse width of ultrashort pulsed lasers. Chirped mirrors 1 overcome the bandwidth limitation and provide simultaneously a means for compensation of the group-delay dispersion in the laser. However, so far the chirped-mirror design has been done by computer optimization, 1 because a simple chirping of the center wavelength of the Bragg mirror is not enough. We present an analytic design for chirped mirrors based on coupled-mode and transmission-line theory. The cause of the oscillations in the group-delay dispersion is identif ied as an impedance-matching problem. We solve this problem by slowly tapering the impedance, which is shown to be equivalent to a chirp in the thickness of the high-index layer in addition to the chirp of the center wavelength of the Bragg mirror. Therefore, we call the resulting structure a doublechirped mirror.
Short-pulse generation has advanced to a degree where the bandwidth of standard Bragg mirrors composed of SiO 2 yTiO 2 layer pairs limits the pulse width of ultrashort pulsed lasers. Chirped mirrors 1 overcome the bandwidth limitation and provide simultaneously a means for compensation of the group-delay dispersion in the laser. However, so far the chirped-mirror design has been done by computer optimization, 1 because a simple chirping of the center wavelength of the Bragg mirror is not enough. 2 Chirping would introduce oscillations in the group delay for longer wavelengths, which penetrate deeper into the mirror. The oscillations are due to an effective Gire -Tournois interferometer. The interferometer is created by partial ref lection from the front section of the mirror, which acts as a transmission grating, and the ref lection at the back of the mirror, which acts as a Bragg ref lector.
We present an analytic design for chirped mirrors based on coupled-mode and transmission-line theory. The cause of the oscillations in the group-delay dispersion is identif ied as an impedance-matching problem. We solve this problem by slowly tapering the impedance, which is shown to be equivalent to a chirp in the thickness of the high-index layer in addition to the chirp of the center wavelength of the Bragg mirror. Therefore, we call the resulting structure a doublechirped mirror.
We start from a coupled-mode description of a Bragg mirror composed of an alternating sequence of highand low-index layers as shown in Fig. 1 . Recently, 3 we showed that one can obtain the transfer matrix for a symmetric index step with high and low refractive indices n h , n l , respectively, and corresponding layer thicknesses d h, m , d l, m correctly by solving the following coupled-mode equations over an interval of unit length:
Here, A and B denote the slowly varying amplitudes of the rightward-and leftward-propagating electromagnetic field, respectively, which differ from the original amplitudes only by an alternating factor s21d m at m [ , 0 ; but this factor is irrelevant for the computation of ref lectivity and group delay. The coupled-mode equations (1) are exact for arbitrary index discontinuities if the proper, dimensionless detuning coeff icient d and coupling coefficient k are used, which are constant over the corresponding unit interval. Following 
with
where hsmd is uniquely defined by the conditions
Here, r ≠ sn h 2 n l dysn h 1 n l d denotes the Fresnel ref lectivity at one index discontinuity and
are the phase shifts of the wave in the low-and high-index regions, respectively, of the mth index step, where, k is the vacuum wave number.
To get insight into the rather complex Eqs. (2) and (3), which are, however, correct for any case, we simplify the expressions for the coupling and detuning coeff icients by retaining only terms of first order in r , , 1. Under these conditions, the wave number at zero detuning, k B, m ≠ pysn l d l, m 1 n h d h, m d, def ines the center wave number or the Bragg wave number of a resulting Bragg mirror composed of a series of equal index steps. If the wave number k is close to k B then a¯1, and the detuning and coupling coefficients for the mth index step can be approximated by dsmd¯f h smd 1 f l smd 2 p and ksmd¯22r sinff h smdg, which shows that both the detuning and the coupling coeff icients of the equivalent coupled-mode equations can be independently designed by the thickness of the low-and high-index layers, respectively.
Coupled-mode equations (1) are equivalent to the following telegraph equations for the voltage V ≠ sA 1 Bdy p 2 and the current I ≠ sA 2 Bdy p 2 of an artificial transmission line with reactance Xsmd and susceptance Y smd for each layer pair:
The characteristic impedance of this transmission line is then given by Z ≠ p XyY . To avoid spurious ref lections in an inhomogeneous transmission line, we know from microwave engineering 4 that the characteristic impedance has to be changed slowly. One can find the same condition by using a WKB solution 5 (4) . At m ≠ 0, that is, in front of the Bragg grating, we have no coupling between the forward-and the backward-traveling waves. Thus, in front of the first layer the characteristic impedance is 1. Equations (4) show that tapering of the characteristic impedance from 1 to a different value can be achieved simultaneously for all frequencies if the coupling coefficient in the coupledmode equations is adiabatically switched on. The coupling coeff icient is proportional to the sine of the optical phase delay in the high-refractive-index layer. Thus, to avoid Fabry -Perot effects, one has to chirp not only the Bragg wavelength of the mirror but also the thickness of the high-index layer, which we refer to as a double-chirped mirror.
As an example, Fig. 2 shows the ref lectivity and group delay of several Bragg mirrors composed of 25 index steps, with n h ≠ 2.5, n l ≠ 1.5, similar to the refractive indices of TiO 2 and SiO 2 , which results in a Fresnel ref lectivity r ≠ 0.25. In the f irst case (Fig. 2, dotted curves) only the Bragg wave number is linearly chirped from 6.8 mm 21 # k B ≠ 2pyl B # 11 mm 21 over the f irst 20 index steps and held constant over the last 5 index steps. The large oscillation in the group delay prevents the use of such mirrors in femtosecond lasers. 2 The dashed and solid curves in Fig. 2 show the ref lectivity and the group delay obtained with double-chirped mirrors, respectively; the thickness of the high-index layers is increased gradually over the first 12 index steps according to d h, m ≠ smy12d a l B, 12 ys4n h d with a ≠ 1, 2. We can clearly see the strong reduction of the oscillations in the group delay by using the double-chirp technique. Quadratic tapering of the coupling coefficient already eliminates the oscillations in the group delay. Because of the double chirp we automatically generate high transmission at the pump wavelength of the Ti:sapphire laser near 500 nm.
So far, we have not considered the refractive-index jump from the top mirror layer to the air, which again would introduce a Gire-Tournois interferometer into the mirror. To avoid having this occur, we designed a broadband antiref lection coating separately by using a simulated thermal annealing technique. 6 The antiref lection coating matches the Bragg mirror to the air. Finally, the resulting mirror was optimized by a standard gradient method to minimize again the remaining oscillations in the group delay. The universal schematic structure of the resulting double-chirped mirror is shown in Fig. 3 .
With the procedure described above we designed a mirror with the following properties: (a) ref lectivity of ,99.8% in the wavelength range 650 -890 nm centered at 760 nm, ( b) high transmission at 500 nm for the argon-ion pump laser, and (c) a given negative and smooth group-delay dispersion in the high-ref lectivity range. In total, we used 25 layer pairs, 5 for the antiref lection coating and 20 for the double-chirped Bragg structure. Ion beam sputtering was used for the layer growth, 7 and a precise layer control during growth was indispensable. 8 Figures 4(a) and 4(b) show the designed and the measured ref lectivity and group delay, respectively, of the fabricated mirror. Additionally, in Fig. 4(b) 11, 12 as a starting mechanism produced self-starting 6.5-fs pulses directly from the laser. 9 In conclusion, we have derived a method for the design of broadband, dispersion-compensating mirrors based on coupled-mode and transmission-line theory. The typical strong oscillations in the group delay shown by such structures are identif ied as an impedance-matching problem, which can be solved by an additional chirping of the coupling coeff icient, which results in double-chirped mirrors. The ideas presented here can be applied to the design of multilayer interference coatings and f ilters in general and also to the design of chirped-fiber gratings.
